We discuss data reduction techniques and results from the Simultaneous Differential Imager (SDI) implemented at the VLT (Lenzen et al. 2004a ) and the MMT. SDI uses a quad filter to take images simultaneously at 3 wavelengths surrounding the 1.62 µm methane bandhead found in the spectrum of cool brown dwarfs and gas giants. By performing a difference of images in these filters, speckle noise from the primary can be attenuated by a factor of >10 2 . Non-trivial data reduction tools are necessary to pipeline the simultaneous differential imaging. Here we discuss a custom algorithm implemented in IDL to perform this reduction. The script performs basic data reduction tasks but also precisely aligns images taken in each of the filters using a custom shift and subtract routine. In our commissioning runs at the VLT and MMT, we achieved contrasts up to a factor of 45000 (∆H=11.7) at a separation of 0.6" from the primary star. With this degree of attenuation, we should be able to image a 2-4 Jupiter mass planet at 5 AU around a 30 Myr star at 10 pc. We believe that our SDI images are the highest contrast astronomical images ever made from ground or space.
INTRODUCTION
While over a hundred extrasolar giant planets have been detected indirectly through precision radial velocity surveys, no direct detection (i.e. image) of an extrasolar giant planet has ever been obtained. Clearly, such a detection would represent an enormous scientific gain and would revolutionize our understanding of extrasolar planets. With direct detection we can analyze photons directly from extrasolar planets, allowing us to measure spectral type, surface gravity, and other critical physical characteristics. Direct detection of extrasolar planets paves the way for direct spectroscopy, leading to the possibility of finding biological spectral markers.
However, direct detection of extrasolar giant planets is extremely difficult. Giant gas planets seen in reflected light are 11-30 magnitudes fainter than their primary stars and lie within ∼1" of their primary stars. The problem is slightly easier with younger, hotter planets -100 Myr old extra-solar planets are 10 4−7 times more self-luminous than old (5 Gyr) extra-solar planets, whereas their primary stars are only slightly (2-5 times) brighter at early ages. In theory, adaptive optics (AO) systems that are "photon noise limited" can detect an object up to 10 5 times fainter than its primary, but all AO systems suffer from a limiting "speckle noise" floor (Racine et al. 1999 ). Within 1" of the primary star, the field is filled with speckles left over from instrumental features and residual atmospheric turbulence after adaptive optics correction. These speckles vary as a function of time and color. For photon noise limited data, the signal to noise S/N ∼ t 0.5 , where t is the exposure time. For speckle-noise limited data, the S/N does not decrease with time past a specific speckle-noise floor (limiting contrasts to ∼10 3 at 0.5"). This speckle-noise floor is considerably above the photon noise limit and makes planet detection very difficult. Interestingly, space telescopes such as HST also suffer from a similar limiting speckle-noise floor due to imperfect optics and "breathing" (Schneider et al. 2003) . Direct detection of extrasolar giant planets requires special new instrumentation to suppress this speckle noise floor and produce photon noise limited images. Simultaneous Differential Imaging is an instrumental method which can be used to calibrate and remove the "speckle noise" in AO images, while also isolating the planetary light from the starlight. This method was pioneered by Racine et al. (1999) , Marois et al. (2000) and Marois et al. (2002) . It exploits the fact that all cool (T ef f <1200 K) extra-solar giant planets have strong CH 4 (methane) absorption redwards of 1.62 µm in the H band infrared atmospheric window (Burrows et al. 2001 , Burrows et al. 2003 . Our SDI device obtains four images of a star simultaneously through three slightly different narrowband filters (sampling both inside and outside of the CH 4 features). These images are then differenced. This subtracts out the halo and speckles from the bright star to reveal any massive extrasolar planets orbiting that star. Since a massive planetary companion will be brightest in one filter and absorbed in the rest, while the star is bright in all three, a difference can be chosen which subtracts out the star's light and reveals the light from the companion. Thus, SDI also helps eliminate the large contrast difference between the star and substellar companions.
THE NEW SDI AO CAMERAS AT THE VLT AND MMT
An SDI imaging scheme is currently implemented at the 6.5m MMT (using the MMT AO adaptive secondary mirror and the ARIES camera -McCarthy et al. 1998, ) and at the ESO VLT (using the 8m UT4 and the NAOS-CONICA (NACO) AO system) by a group headed by L. Close and R. Lenzen . The VLT device is currently offered for ESO observing period 74. The T6 dwarf Gl 229B was observed as a calibration object with both devices and dropped in flux by 10× between the off methane and on methane filters as was expected. During commissioning, we achieved star to planet contrasts of ∆F1 = 13 (160,000× fainter) at 0.5" from the primary star at the 1σ level -approaching the photon-noise limit.
A complex data reduction pipeline for the SDI data has been developed and implemented and will be described in this paper. We are currently carrying out a survey with the SDI device of young (<100 Myr), nearby (<40 pc) Figure 2 . Two minutes of raw SDI data from NACO SDI's 1024×1024 Aladdin array (Lenzen et al. 2004a ). This dataset is a 100 Myr star 10 pc away. The very dark upside-down T shape is the boundary between different filters within the quad filter. The bright square region around each filter PSF is the 5"×5" field of view provided by the field stop. The bright spokes extending from each PSF are from diffraction off the telescope spider arms. The bright spots outside of the 5"×5" field of view are electronic ghosts. stars using this pipeline. The SDI technique requires some specialized optics consisting of a custom double calcite Wollaston device and a focal plane quad CH 4 filter. Our custom Wollaston splits the beam into four identical beams while minimizing non-common path error -only adding 10 nm rms of differential non-common path errors per Zernike mode to the optics (Lenzen et al. 2004a ). Each of the four beams is fed through one of the filters on the quad filter. Filter wavelengths were chosen on and off the methane absorption feature at 1.62 µm and were spaced closely (every 0.025 µm) in order to limit residuals due to speckle and calcite chromatism. We used four filters F1, F2, F3a, and F3b with central wavelengths F1=1.575 µm, F2=1.600 µm, and F3a=F3b=1.625 µm. The filters are approximately 0.025 µm in bandwidth. The use of F 3a and F 3b instead of a single F 3 helps to average out noise between filters and leads to a better overall subtraction. The filters used are displayed in Fig. 1 , overlaid on the spectrum of the T6 brown dwarf Indi Bb (discovered using the VLT SDI device, McCaughrean et al. 2003). A 5"×5" focal plane mask has been implemented as a field stop for the VLT device. No coronagraph is currently used, since the Strehl ratios (∼20-30%) are too low to increase the contrasts significantly. The SDI camera has a platescale of 0.017".
OBSERVATIONAL TECHNIQUE AND DATA REDUCTIONS
A raw dataset from NACO SDI is shown in Fig. 2 . For the rest of this paper, we will focus on this same dataset, which is of a 100 Myr star at 10 pc. The inner 0.2" diameter core is saturated in each image to increase signal in the halo. After unsharp masking, we find that the speckle patterns in each of the separate filters are nearly identical. (See Fig. 3 .) This bodes well for our ability to attenuate speckle noise. Unsharp-masked raw SDI data from the VLT device. In order to reveal the speckle pattern, a heavily smoothed image was subtracted from the raw images (unsharp masking). The resulting speckle patterns are very similar between different filter images which means that an effective subtraction of speckles can be obtained between the filters.
To distinguish between faint planets and any residual speckles, we observe each object at a variety of position angles. Instrumental plane "super speckles" (Racine et al. 1999) should not rotate with a change of rotator angle; however, a real planet should appear to rotate by the change in rotator angle. For each observed target, we take a complete 10 minute dataset at a series of 4 position angles: 0
• , 33
• , and 0
• . The data is reduced using a custom IDL script. First, data for each 2 minute long image (composed of shorter coadds to avoid severe saturation of the central star, e.g. 24×5s images) is flat-fielded and sky subtracted. A square aperture around each of the 4 images is extracted. Since the radial position of the speckle pattern in each filter image is proportional to λ D , the platescale of each image must be scaled so that the speckles in each filter fall at the same radii despite chromatic differences. Additionally, the flux in each filter image is scaled to remove any quantum efficiency differences between images. Low spatial frequencies are filtered by unsharp masking each image. (See Fig. 3.) Each PSF image is then aligned to a reference image to within 0.25 pixels using a custom shift and subtract algorithm. This algorithm creates a grid of subpixel image offsets. At each grid point, the reference image is held constant while the second image is shifted by the offset at that grid point and subtracted from the reference. We use a cubic spline interpolator for the subpixel shifts. For the subtracted image, we then calculate the standard deviation within an annulus surrounding the first Airy ring but excluding the highly saturated central section of the image. The minimum standard deviation within the grid of subpixel image offsets then yields the best alignment.
After each of the filter images has been aligned to the reference image, we calculate 2 differences (and one non-differenced combination) which are sensitive to substellar companions of spectral types T (T ef f < 1200 K), Figure 4 . Images of Gl 229B using the SDI device. This image was created using ten minutes of Gl 229b data from the VLT NACO SDI device. Data was flat-fielded and sky subtracted. Bad pixels have been removed. As expected from its T6 dwarf spectrum, Gl 229b appears brightest in F1, then appears fainter by 1/3 in filter F2, and finally drops out by a factor of 10 in filters F3a and F3b. Similar behavior (albeit at lower fluxes) is expected for a young extrasolar giant planet.
Y (T ef f < 600 K), and L (T ef f > 1200 K). Chromatic error due to the calcite prism depends on the path taken through the prism. The F1 and F3a images followed similar paths through the prism and have very similar speckle patterns. The same is true the F2 and F3b images, meaning these two pairs are most appropriately differenced in order to attenuate speckle noise. We calculate the difference of images F1 and F3a after using the shift and subtract routine to align images F1 and F3a (using F1 as the reference image) within 0.05 pixels. We similarly calculate the difference of F2 and F3b, thus providing two independent detections of a planet if one exists. Finally, to detect L dwarfs (T ef f > 1200 K) which are bright in all three filters, we simply add images in all three filters. The 2 minute datasets for each object are obtained at 5 different dither positions (±0.5") on the chip (10 minutes total exposure time plus two minutes of sky) are coadded in IRAF for each of the rotator angles observed (typically 0
• , and 0 • ). Each 10 minute dataset is then differenced with the following 10 minute dataset at a different position angle and datasets from all 4 rotator angles are averaged. As a diagnostic, simulated planets have been added in to our datasets. These planets are scaled from 10 minute SDI images of the T6 brown dwarf Gl 229B (which has a spectrum nearly identical to that of an extrasolar giant planet in our filters; see 
RESULTS FROM OUR SAMPLE DATASET
A fully reduced dataset from the VLT SDI device is presented in Fig. 5 . Simulated planets with ∆F1 = 10 mag (attenuation in magnitudes in the F1 filter, corresponding to ∆H = 11.7) fainter than the primary have been added at separations of 0.2, 0.4, 0.6, 0.8, and 1.0". After smoothing with a gaussian of 1 pixel FWHM, the simulated planets at 0.4, 0.6, 0.8, and 1.0" are detected with S/N = 30 in the F1-F3a subtraction and with S/N = 20 in the F2-F3b subtraction. Unfortunately, the simulated planet at 0.2" from the primary is lost to the saturation of the primary. For comparison, the same dataset reduced in a standard AO manner (flat-fielded, sky-subtracted, and unsharp-masked) is also presented in Fig. 5 . None of the simulated planets are detected in the standard AO data reduction. Additionally, numerous bright super speckles remain in the field.
A plot of ∆F1 vs. separation from the primary is presented in Fig. 6 . For this dataset, we achieved star to planet contrasts of ∆F1 = 13 (160,000× fainter) at 0.5" from the primary star at the 1σ level -approaching the photon-noise limit in 40 minutes of data. We believe these are the highest contrast astronomical images taken to date.
Using the models of Burrows et al. (2003) and adopting values for the primary star's age (from the Li 6707Å line), distance, and spectral type from the literature, we can convert our measured attenuations for each object into a minimum detectable mass. Minimum detectable mass vs. separation for one program star is plotted in Fig. 7 . For this object (100 Myr old at 10 pc), we can detect (20σ) a 10 M J planet at 10 AU from the primary. For a younger program star (30 Myr old at 10 pc -younger planets are brighter, thus reducing the necessary contrast difference for detection), we can detect (6σ) a 2-4 M J planet at 5 AU.
SURVEY OF THE YOUNGEST NEARBY STARS
We have recently undertaken a survey of the youngest, nearest stars. Stars were chosen from the sample by • data. The last curve is the theoretical contrast limit due to photon-noise. At a star-companion separation of 0.5", we are photon-noise limited and achieve star to planet contrasts of ∆F1 = 13 (160,000× fainter) at the 1σ level.
determine a rough detection probability for each program star (Nielsen et al. 2004 ). Our program stars have average detection probabilities of ∼10-20%. For our total sample of ∼50 stars, we expect to detect ∼5-6 planets. A few tentative candidate extrasolar planets (objects which showed CH 4 absorption at appropriate separations from the primary) were identified during the commissioning runs. To confirm if these candidates are real, we plan to reobserve them a year after the initial observation to make sure the candidate shares a common proper motion with the star. Low resolution follow-up CONICA grism spectroscopy will be performed on any confirmed candidate once the exact planet location is confirmed. With our excellent spatial resolution, we can determine an extremely accurate offset between the planet and thus will be able to precisely align a narrow 0.1" slit on the planet.
CONCLUSIONS, CURRENT STATUS, AND FUTURE DIRECTIONS
We have completed commissioning of the NACO VLT SDI device, which is currently offered for ESO observing period 74. Using the VLT device, we have observed an initial sample of nearby young stars and have obtained excellent, high-contrast (360 km resolution) images of the surface of Titan ). In addition, we discovered the coolest, closest binary T dwarf Indi Bb (McCaughrean et al. 2003) . With a mass of just 27 M J , Indi Bb is a very low mass object. The MMT SDI device is nearly commissioned. Using both devices, we are currently working on a survey of nearby young stars due to be completed in 2005.
We believe these SDI images are the highest contrast astronomical images ever made (from ground or space -see Schneider et al. 2003) . MMT/VLT SDI has an excellent chance of making the first direct detection of . SDI imaging is sensitive to a complementary regime of extrasolar planet search space compared to other planetary detection schemes. While precision radial velocity searches and photometric transit work are more sensitive to planetary companions close in to the parent star (<4 AU), SDI is more sensitive to planets further from the parent star (>4 AU). We are currently conducting a survey of ∼50 of the closest young stars, with follow up spectroscopy on any planet detected.
